The aim was to profile transient accommodative axial length changes from early adulthood to advanced presbyopia and to determine whether any differences exist between the responses of myopic and emmetropic individuals. Methods: Ocular biometry was measured by the LenStar biometer (Haag-Streit, Switzerland) in response to zero, 3.00 and 4.50 D accommodative stimuli in 35 emmetropes and 37 myopes, aged 18 to 60 years. All results were corrected to reduce errors arising from the increase in crystalline lens thickness with accommodation. Accommodative responses were measured sequentially by the WAM 5500 Auto Ref/Keratometer (Grand Seiko, Hiroshima, Japan). Results: Axial length increased significantly with accommodation (p < 0.001), with a mean corrected increase in axial length of 2 AE 18 μm and 8 AE 16 μm observed at 3.00 and 4.50 D, respectively. The magnitude of accommodative change in axial length was not dependent on refractive error classification (p = 0.959); however, a significant reduction in the magnitude and variance of axial length change was evident after 43 to 44 years of age (p < 0.002). Conclusion: The negative association between transient increase in axial length and age, in combination with reduced variance of data after age 43 to 44 years, is consistent with a significant increase in posterior ocular rigidity, which may be influential in the development of presbyopia.
The amplitude of accommodation decreases with age, from approximately 15 D in early infancy to 1.00 D at 60 years of age, 1,2 when presbyopia is well established. Significant age-related structural changes in the accommodative apparatus (for example, increased lenticular stiffness) are thought to be responsible for the attenuation of the amplitude of accommodation and therefore, the development of presbyopia. [3] [4] [5] [6] [7] While agerelated accommodative changes within the anterior segment have been investigated (for example, ciliary muscle morphology and mobility), 8, 9 accommodative changes within the posterior segment with respect to age have yet to be reported. Indeed, a significant transient elongation of axial length during short periods of accommodation has been observed in young adults. [10] [11] [12] [13] [14] It has been hypothesised that this axial length elongation during accommodation may be produced by the force applied to the equatorial choroid by ciliary muscle contraction, thus necessitating posterior pole elongation to maintain a constant ocular volume. 10, 11 In support of this theory, Croft and colleagues 15 observed the equatorial choroid and retina moved centripetally during EdingerWestphal stimulated accommodation in rhesus monkeys. Due to the persistence of ciliary muscle contractility into advanced presbyopia, 9, 16 it is feasible that transient increase in axial length may also be present in presbyopic individuals; however, an in vivo anterior scleral study 17 and in vitro posterior choroidal 18, 19 and scleral 20 studies have reported ocular stiffness increases with age. Van Alphen 21 suggested the ciliary muscle and choroid behave as a single elasto-muscular sheet around the eye, moulding the sclera to accommodate ciliary muscle tonus and therefore, it is conceivable that age-related increases in ocular stiffness may mute transient axial length elongation during accommodation. Nevertheless, the relocation of the anterior uveal tract after cataract surgery to a more youthful position in humans suggests the choroid may retain its elasticity with age, 22 despite the sclera and choroid becoming thicker 23 and thinner 24 with age, respectively. Furthermore, evidence reported by Hollins (cited by Atchison 3 ) of transient axial length elongation in one advanced presbyopic patient during near vision also suggests that accommodationinduced transient axial length elongation may persist into advanced presbyopia.
Additionally, it has been hypothesised that high levels of transient axial length
Clinical and Experimental Optometry 100.6 November 2017elongation during accommodation may precipitate a myopic shift in refraction in susceptible eyes. 11 Therefore transient axial length elongation during accommodation is one potential factor responsible for the connection between high levels of near work and the onset and progression of myopia in both children 25, 26 and adults. [27] [28] [29] Mallen, Kashyap and Hampson 11 hypothesised that myopic eyes may be more amenable to transient axial length elongation during accommodation due to reduced ocular rigidity (present due to the stretched, elongated eye characteristic of myopia). Yet, despite reduced posterior choroidal 30 and scleral 31 thickness in myopic eyes compared to emmetropic eyes, it remains unclear whether a correlation exists between in vivo anterior ocular rigidity and myopia. [32] [33] [34] Moreover, previous research in young adults has produced contradictory results; Drexler and colleagues 10 reported the magnitude of axial length elongation was larger in emmetropic eyes than myopic eyes, whereas Mallen, Kashyap and Hampson 11 reported greater elongation in myopic eyes and Read and colleagues 12 found no difference in ocular axial elongation between myopes and emmetropes during accommodation.
The aim of this study was to profile accommodative changes in axial length from early adulthood to advanced presbyopia and to determine whether any differences exist between the responses of myopic and emmetropic individuals.
METHODS
The study was approved by the Aston University Research Ethics Committee and was conducted in accordance with the tenets of the Declaration of Helsinki. Written informed consent was obtained from all the participants after an explanation of the nature and possible consequences of the study. Participants were included in the study, if they were aged between 18 and 70 years; could achieve 0.0 logMAR visual acuity, were classified as emmetropic (spherical equivalent between −0.75 and +0.50 D) or myopic (spherical equivalent more myopic than −0.75 D) and had 0.75 DC or less of uncorrected astigmatism. All participants were screened to exclude those with a positive history of ocular or systemic disease or prescribed medications known to affect the accommodative response.
Sample size calculation
The calculated total sample size for repeated measures analysis of variance (ANOVA) testing (within and between interaction), including an effect size (f) of 0.25, an error probability (α) of 0.05 and required power (1 -β) of 0.80 for three measurements between the two groups, was 28 participants. 35 
Amplitude of accommodation
The right eye of all the myopic participants was fitted with a soft daily disposable spherical contact lens (Focus Dailies, nelfilcon A, 69 per cent water content; Ciba Vision, Duluth, Georgia, USA). The power of the contact lens was chosen following a subjective refraction. A minimum settling period of 10 minutes was permitted prior to overrefraction to ensure the contact lens prescription fully corrected the ametropia. The subjective amplitude of accommodation of the right eye was measured using a Royal Air Force Rule (Richmond Products, New Mexico, USA) via the push-up/pull-down method. 36, 37 The left eye of each participant was occluded. Using their right eye, participants were asked to attempt maintaining clear focus of the high-contrast N5 print, as it was slowly pushed toward them until the point where they first reported sustained blur (push-up amplitude). Subsequently, the first point at which the N5 print became clear when moved away from the eyes (pull-down amplitude) was measured. If a patient was unable to achieve the minimum amplitude of accommodation measureable (2.00 D), a +3.00 D full-aperture trial lens was introduced in front of the right eye. The power of the lens was subsequently subtracted from the push-up/pull-down amplitude value obtained. Push-up/pull-down amplitude was measured three times and averaged to calculate the mean amplitude of accommodation for the right eye.
Accommodative stimulus response
Change in objective spherical equivalent refractive error during accommodation was measured by the binocular open-field WAM-5500 autorefractor (Grand Seiko Co. Ltd., Hiroshima, Japan), 38 with an external fixation target (a Maltese cross) viewed through a +5.00 D Badal lens attached to the instrument. The fixation target was placed 20 cm, 8.0 cm and 2.0 cm away from the Badal lens to stimulate zero, 3.00 and 4.50 D of accommodation, respectively. Each participant was asked to focus on the centre of the Maltese cross as accurately as possible 39 and was exposed to the stimulus for 20 seconds prior to the acquisition of data. 40 A one minute distance viewing break was permitted between accommodative levels. The presentation order of each accommodative level was randomised between participants. Three consecutive measurements of refraction were acquired at each accommodative level.
LenStar biometry
LenStar biometry was measured while stimulating accommodation with an external target (viewed through a pellicle beam splitter and a +10.00 D Badal lens). To provide zero, 3.00 and 4.50 D accommodative stimuli, the Badal lens system letter target was placed 10 cm, 7 cm and 5.5 cm away from the +10.00 Badal lens, respectively. The average of three repeat measures of anterior chamber depth (ACD), crystalline lens thickness (LT) and axial length (AXL) were recorded at the three accommodative levels (zero, 3.00 and 4.50 D). Corneal thickness (CT) was measured at zero dioptres only because it has been well-established the human corneal thickness does not change during accommodation. 10, 12 Anterior segment length (ASL = CT + ACD + LT) and vitreous chamber depth (VCD = AXL -ASL) were calculated from these values. If the LenStar was unable to acquire lens thickness measurements for a participant, these data were excluded from the analysis.
Biometric error calculations
The LenStar uses an average ocular refractive index to convert an optical path length (OPL) to a geometric axial length. 12 Therefore, to correct for the potential overestimation of axial length due to an increase in lens thickness with accommodation and age, the individual error (E) was calculated for each participant using Equations 1 to 6 as proposed by Atchison and Smith. 41 In line with previous publications, 12, 14, 42 the relative proportions of the crystalline lens taken up by the anterior cortex, nucleus and posterior cortex during accommodation were kept constant because, despite the well-established thickening of the nucleus during accommodation, 43 the exact nature of the change in refractive index during accommodation is not fully understood. [44] [45] [46] To compensate for age-related changes in anterior cortex thickness (ACT), nucleus Axial elongation during accommodation Laughton, Sheppard, Mallen, Read and Davies thickness (NT) and posterior cortex thickness (PCT), Equations 1, 2 and 3 were used to modify the segmentation of the crystalline lens according to age (in years), derived by Dubbelman and colleagues. 43 Optical path length and the average refractive index of the eye (n av ) were calculated using the refractive indices specified by Gullstrand's No. 1 (exact) eye with shell lens (Equations 4 and 5).
41 Equation 6 was used to calculate the error (E), which is subtracted from the geometric axial length reported by the LenStar to provide corrected axial length values.
Statistical analysis
To assess whether biometry changed significantly with accommodation (within-subject factor) and to determine its dependency on refractive error (between-subject factor), a repeated measures ANOVA was performed (SPSS, SPSS Inc, Chicago, Illinois, USA). The relationship between biometry and age was determined by linear regression analysis.
To compare the variance of the data between the younger and older participants, a two-tailed variance test was used, which accounts for differences in group sizes. The ANOVA residual mean square indices produced by individual linear regression analysis of the younger and older groups are divided to produce an F ratio. The significance of the difference in variance is determined by a two-tailed F look-up table, according to the degrees of freedom in each group.
RESULTS

Participants
Seventy-two participants aged 18 to 60 years (median age 33.60 years) were recruited from an Aston University staff and student volunteer call. Participants were classified as emmetropic (spherical equivalent from −0.50 to +0.50 D) or myopic (spherical equivalent −0.75 D or greater) and all subjects had less than 0.75 DC astigmatism. Of the total cohort, 37 were myopic (−3.49 AE 1.87 DS) and 35 were emmetropic (−0.16 AE 0.32 DS). The onset of ametropia (established by the participant's recollection) in the majority of the myopic subjects was before the age of 15 years (68 per cent) and all myopes reported their myopia to be stable (defined as myopic progression less than 0.50 D in the last 12 months). The myopic and emmetropic groups were 65 and 54 per cent female, respectively. The myopic group contained 20 white European and 17 British Indian individuals and the emmetropic group contained 21 white European and 14 British Indian individuals.
The emmetropic and myopic groups were balanced for age (U = 607, p = 0.652, myopes median age 31.49 years, emmetropes median age 34.67 years) and right eye amplitude of accommodation (t = 0.588, p = 0.558, myopes 7.69 AE 3.37 D, emmetropes 7.26 AE 2.83 D). As expected, right eye amplitude of accommodation decreased significantly with age (r = 0.918, p < 0.001; Figure 2 ). Baseline uncorrected spherical equivalent was not significantly correlated with age in either group (myopes r = 0.063, p = 0.701; emmetropes r = 0.084, p = 0.621).
Ocular biometry
The The relationship between the accommodation-induced axial length changes and age are illustrated in Figure 3 . After visual inspection of the graphical data in Figure 3 , the cohort was split into under 43 years (59 participants) and 43 years and older (13 participants), owing to the dramatic reduction in data spread after age 43 years. The difference in variance of the corrected axial length data between the groups was significant at the 
DISCUSSION
The present study is the first to document the effect of age on axial elongation during accommodation. In accordance with previous studies investigating accommodative changes in axial length in young adults, 10-14 a statistically significant axial elongation with accommodation was observed in the current investigation, which was proportional to the magnitude of the accommodative stimulus. The change in ocular biometry per dioptre of accommodation exerted remained invariant between the ages of 18 to 44 years, as previously reported; 8 however, beyond the age of 43 to 44 years, the change in axial length was negligible and the variance of data reduced significantly (Figure 3 ). Due to the persistence of ciliary muscle contractility into advanced presbyopia, 9, 16 it is feasible that the reduced variance and magnitude of change in axial length with accommodation may signify in vivo posterior ocular rigidity increases significantly during the presbyopic years. Indeed, previous research has also relied on changes in axial length to determine changes in posterior ocular rigidity; Ebneter, Wagels and Zinkernagel 51 reported ocular rigidity is higher in patients with glaucoma due to a smaller decrease in axial length following a pharmacologically induced (500 mg oral acetazolamide) fall in intraocular pressure when compared to a healthy control group. However, changes in axial length alone are not able to disentangle the relative contributions of each ocular layer to changes in rigidity and thickness, only to infer their cumulative effect. Currently, in vitro studies give the best indication of how the properties of the individual ocular layers may vary with age.
In support of the data presented here, an age-related decrease in the elasticity of choroidal and scleral sections has been found by multiple in vitro studies. 19, 20, 52 It is feasible that a reduction in the flexibility of the posterior pole with age may contribute to the development of presbyopia; reducing the ability of the choroid and posterior zonules to restore the accommodative apparatus to an disaccommodated position. 53 Studies of in vitro isolated choroidal and scleral sections do not account for the impact of vascular rigidity, perfusion pressure, intraocular pressure, extraocular muscle action, post-mortem structural changes and how these factors may vary with age. 20 Indeed, the choroid 24 and its blood vessels 54 thin and the blood flow reduces with age, 55 whereas the sclera becomes thicker with age. 23 Unfortunately, it is not possible to measure posterior ocular rigidity in vivo directly and hitherto, the literature has not reached a consensus as to whether anterior eye rigidity increases with age. 17, 32 Furthermore, it is feasible the hypothesised increase in ocular shell rigidity with age is accompanied by a reduction in the capacity of the choroid to thin during accommodation, which has been suggested to contribute to the magnitude of axial elongation in young adults.
14 The cumulative effect of these age-related changes may be responsible for the abrupt loss of axial elongation during accommodation after 43 to 44 years of age. It is possible to extract choroidal thickness measurements from further analysis of the LenStar A-scan peaks, which allows choroidal thickness to reported resolution was too poor to calculate choroidal thickness in 37 per cent of their cohort and the LenStar may be unable to acquire choroidal thickness measurements in older subjects due to reduced ocular media transparency. 56 Therefore, future studies should use posterior eye optical coherence tomography to investigate accommodative choroidal changes, with the additional advantage of capturing data across a larger area of the choroid to profile the spatial change in choroidal thickness with accommodation.
Similar to the findings of Read and colleagues, 12 the magnitude of the change in biometry in this study was not dependent on the classification of ametropia; however, Woodman, Read and Collins 14 found that the axial elongation of young myopes was significantly slower to return to baseline after cessation of a 30 minute 4.00 D near task. This could suggest that the magnitude of axial elongation during accommodation may be less significant in the mechanism of myopic progression than the time taken for the posterior shell to recoil after cessation of near vision. The delayed recoil may be as a result of the greater vitreous chamber volume in myopic eyes providing a greater resistance to immediate reformation. Alternatively, the choroid in myopic eyes is known to stretch and consequently thin with axial growth 30 and therefore, conceivably its elasticity may also be compromised, which may mute the speed of the recoil response. Further research including longer sustained periods of accommodation and longitudinal follow-up are required to clarify the role of choroidal thickness changes and posterior shell recoil in the development of myopia.
While the mean axial length increased during accommodation, a minority of participants demonstrated a reduction in uncorrected and corrected axial length (Figure 3) . Perhaps an asymmetric elongation of the posterior pole, which is not centred on the fovea may be responsible for the apparent reduction of axial length during accommodation (Figure 4 ) due to the asymmetric ciliary muscle contractile response (greater temporally than nasally 9, 47 ) and/or disaccommodated posterior pole asymmetry. 57, 58 Indeed, there is evidence of spatial distortions in vision accompanying marked accommodation 59, 61 consistent with asymmetric retinal stretch during accommodation. Further research to determine how the retinal contour changes during accommodation and where the point of maximum ocular elongation resides is indicated. The current study is the first to investigate how accommodative changes in axial length attenuate with age. In conclusion, the change in ocular biometry per dioptre of accommodation exerted remained invariant between the ages of 18 to 44 years; however, after 43 to 44 years of age, the axial length change was negligible and the variance of data significantly reduced. The findings are consistent with a significant increase in ocular rigidity and attenuation of accommodative choroidal thinning with age, which may be influential in the development of presbyopia. Longitudinal research is required to investigate whether the mechanism of axial elongation during accommodation is associated with myopigenesis.
